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Phase transitions and dielectric relaxations in superionic protonic conductor HUP (H3OUO2PO4.3H2O) in the broad frequency range (10-2- Abstract. 2014 The dielectric properties of hydrogen uranyle phosphate (HUP = H3OUO2PO4.3 H2O) and its sodium homologous (NaUP = NaUO2PO4, 3 conductor (uRT -6 x 10-3 fl-1cm-1) and is used in microionic devices such as electrochromic displays, sensors, batteries or supercapacitors [1] [2] [3] [4] . The structure consists of infinite sheets of (UO2PO4),, entities separated by a two-level water molecules layer ( Fig. 1) , oxygen atoms of this layer form squares and are hydrogen-bonded [5] [6] , one of the four water molecules being replaced by an H30+ ion. H30+ ions can be exchanged by Na+ , K+ , NH4 ... ions and these materials also exhibit ionic conductivity [7] . Furthermore, HUP undergoes several phase trans- itions : a paraelectric/ferroelectric transition about 260 K [8] and two weaker transitions at about 220 K and 110 K [9] , respectively. These transitions corre- Fig. 1 [7, 12] . However, we have obtained Z" = f (Z' ) spectra ( Fig. 3a and 3b) [13] .
Furthermore the electrical measurement must not perturb the electrolyte : small values of the voltages (-10 mW) are required, lower than those involving an electro-reduction (&#x3E; 1 V for H20 and hydrates). figure 2 , according to previous works [7] . Morever, the figure clearly shows the phase transition occurring for HUP below 270 K. However, the slope of G (w ) in the low frequency range is nearly 1 (G (w ) -A w) and not 2 as when w -0). This phenomenon has already been observed in other superionic conductors [14] and assigned to interfacial charge transfer due to an additional capacity in parallel with C i. Some authors [15] replace Ci i by an interfacial impedance Zi* (w ) = A (i co )-P where p is an empirical parameter. They always obtain a p value lower than 1 and close to 0.8-0.9. The meaning of this value is not well established although some authors attempt to explain it by the universal law of Jonsher [16] or by fractal models [17] .
If In the case of HUP, the situation is more complex and the 1, -1 slopes are not well characterized.
For the study of the bulk behaviour, it is thus necessary to shift these extrinsic phenomena (i.e. the low frequency interfacial phenomena) to very low frequencies using composite electrodes. figure 3 compares Z" = f (Z' ) plots of HUP solid electrolyte performed using Pt foils ( Fig. 3a and 3b) or HUP/C composite electrodes ( Fig. 3d and 3e) .
The impedance diagram Z" -f (Z' ) recorded with Norit RBX/HUP composites electrodes [4, 13, 18] (Fig. 3) . These various slopes can be related to the ratio of characteristic length of the local microstructure and the mean displacement of the alternating charge : this behaviour is similar to that usually observed in the case of porous or composite electrodes [19] [20] [21] . Insertion phenomena on non ideally blocking electrode are also a possible explanation. Using a phenomenological description, the impedance law is thus Z =-A (i w )-p (the 35d and 82d values lead to p == 0.4 and p = 0.9 respectively). The relaxation times of the charge transfer phenomena are shifted from = 300 kHz to 300 Hz when the capacity increases from a factor 3 x 103, due to the large surface of the HUP/C interface.
3.1.2 High frequency range ( f &#x3E; 106 Hz ). -In this frequency domain, the study of the bulk dielectric relaxation is possible only when using composite electrodes. In the sample, the electric field is parallel to the common axis of the sample and the inner conductor ( Fig. 5a and 5c ), as fully described in [10] . The impedance Zb of the sample is connected in series with the load in the P' plane tangential to the cylindrical sample. The impedance defined in this plane is Zp' = Zo + Zb. From Zp measured in the phase reference plane P, Zp, is determined when Zb is lower than the impedance between inner and outer conductors as precedently discussed in [10, 22] . The knowledge of Zb allows the determination of the dielectric permittivity e' and the dielectric loss or imaginary part E" as detailed in [10, 23] . The complex permittivity is :
For frequencies below 1 GHz, Zb is proportional to the complex resistivity p * as described in [10] by
In this frequency domain, it is thus possible to use complex impedance representation (Z" = f (Z' ) for determining the direct current resistivity p (0). However, above 1 GHz, this representation is not correct while Z and p * are not proportional as previously described in [10, 23] .
The conventional model used in the description of the dielectric relaxation is the Debye model [24] which gives the frequency dependent complex permittivity with an equation of the form :
where Boo (Fig. 9a) (Fig. 9d and 9f ). In our case the decomposition is almost straight forward but, in our previous work [10] , where the relaxations are not so clearly defined, the decomposition procedure has been extensively discussed. Our experimental results -for HUP and NaUP -are given in table I. Tab. I) is strongly lowered with increasing temperature. Figure 10 compares [24] (Fig. 9) ii) 1/AE exhibits a minimum at the para/ferroelectric transition of HUP samples. The temperature dependence of the conductivity is a T = A exp (-E1/ kT) where El is the activation energy of the conductivity. According to previous studies [7, 9, 12, 26] , the activation energy for HUP material is 0.34 eV above 270 K and 0.75 eV below 260 K. At -300 K, the ionic conductivity of small pellets is about 3 x 10-3 SI-1 cm-1 in agreement with the value measured on larger perfectly densified pellets (6 x 10-3 Q CM-1). In the case of NaUP material, the average activation energy is about = 0.78 eV in agreement with the previous determination [7] ; at 300 K the value of the conductivity is about 2 x 10-40-1 cm-1. [28] [29] [30] [31] [32] Interactions between the ions -nearest neighbour interactions -, structure with inequivalent sites and hopping involving the motion of large number of ionic species introduce correlations between subsequent jumps. These effects must yield a conductivity which increases with frequency and satisfies the equation (5) . One can argue that if an ion hops from site i to site j, one expects the ion to be « bouncedback » to site i whenever interactions are present. This « bounced back » effect [29] [36, 37] . Figure 11 shows [6] .
The relaxation times T3 and z4 assigned respectively to H20 and H30+ reorientations are characterized by a « critical slowing-down » (cf. Fig. 10) which has been previously observed in ferroelectric relaxation of H-bonded ferroelectrics [38, 39] We conclude that the local environment remains unchanged through the phase transition, which confirms the previous spectroscopic study in the same temperature range [6, 9] . 4 . Conclusion. 
